A new approach to assessing the cancer risk from environmental polychlorinated biphenyls (PCBs) considers bot:h toxicity and environmental processes to make distinctions among environmental mitures. New 
. Commercial mixtures with 54% chlorine induced gastrointestinal tumors (10) (11) (12) . Less-than-lifetime dietary exposure to commercial mixtures with 42-60% chlorine induced precancerous liver lesions in rats and mice (13) (14) (15) (16) (17) (18) . Epidemiologic studies have reported similar tumor sites, although the same specific response was not seen across all studies. Capacitor manufacturing workers exposed to a series of commercial mixtures with 41-54% chlorine had increased mortality from liver, gall bladder, and biliary tract cancers (19) , gastrointestinal tract cancers (20) , or malignant melanoma (21) . An analysis of these and a smaller study (22) found the combined results significant for liver, gall bladder, and biliary tract cancers and for malignant melanoma (23) . Earlier, petrochemical refinery workers exposed to Arodor 1254 and other chemicals had significantly increased mortality from malignant melanoma (24) . More recently, electric utility workers exposed to PCBs had significantly increased mortality from malignant melanoma and brain cancer (25) . Recent case-control studies have found a significant association between nonHodgkin's lymphoma and PCB concentrations in adipose tissue (26) and serum (27) . In a general population, dietary consumption of rice oil accidentally contaminated with PCBs and chlorinated dibenzofurans, which can be formed when PCBs are heated above 270°C (28) , was associated with significantly increased mortality from liver cancer and lung cancer (29) .
Mechanistic studies have demonstrated tumor-promoting activity in liver or lung which they are transported similarly through the circulation ( Table 1 ).
Prior to the study, the polychlorinated dibenzofurans were removed from the Aroclor 1254 fed to the rats because of "unusually high" dibenzofuran concentrations (43) . Despite this pretreatment, the resulting mixture was reported to have double the usual dioxin toxic equivalents (43) .
Concentrations of the three dioxinlike congeners reported lie within the historical range. One historical analysis found each of these congeners below 500 ppm in each Aroclor, except for 4500 ppm PCB-77 in Aroclor 1242 and 500 ppm PCB-169 in Aroclor 1260 (44) . Another analysis found 2700-3300 ppm PCB-77 in Aroclor 1242, 300-2000 ppm PCB-77 in Aroclor 1254, and up to 200 ppm PCB-126 in Aroclor 1254 (45) . In sharp contrast, however, an earlier analysis found 15,900 ppm PCB-126 in Aroclor 1260 (35, 46) . These and other variations provide evidence of significant lot-to-lot variability among similar mixtures. Striking lot-to-lot differences have been found for Aroclors 1248 and 1254, due primarily to numerous congeners with four to six chlorines being created and altered during the chlorination process by which Ar6clors are manufactured, and also to differences in the chlorination processes that can be used (45) . These lot-to-lot differences highlight the importance of characterizing and reporting mixture composition, both in toxicity testing and in environmental samples.
In the recent cancer study (1) (30) . Toxicity of some congeners is correlated with induction of mixedfunction oxidases: some congeners are phenobarbital-type inducers, some are 3-methylcholanthrene-type inducers, and some have mixed inducing properties (31) (32) (33) . The latter two groups most resemble chlorinated dibenzo-p-dioxins and dibenzofurans in structure and toxicity (33, 34) . These congeners contributing to cancer induction can be present in mixtures with either high or low chlorine content (Table 1) .
PCBs are absorbed through ingestion, inhalation, and dermal exposure, after or 1260. There were 100 controls of each sex. Exposure began when the rats were 6-9 weeks old, and the animals were killed 104 weeks later. Complete histopathologic evaluations were done for control and highdose groups; for low-and mid-dose groups, evaluations were done for liver, brain, mammary gland, and male thyroid gland. Statistically significant increased incidences of liver tumors were found in female rats for all Aroclors and in male rats for Aroclor 1260 (Table 3) . Fewer than a quarter of the tumors were malignant, but the proportion of tumors that were malignant increased with dose. In female rats, Aroclor 1254 appeared most potent, followed by Arodors 1260 and 1242, with Aroclor 1016 markedly less potent. In male rats, only Aroclor 1260 caused liver tumors.
To investigate tumor progression after exposure stops, this same study exposed groups of 24 female rats for 52 weeks; exposure was then discontinued for an additional 52 weeks before the rats were killed. For (Table 3) . Dose was expressed as a lifetime daily average, calculated from weekly body weight measurements and food consumption estimates. Doses were scaled to humans using a factor based on the three-fourths power of relative body weight (3). Response was taken as the incidence of hepatocellular adenomas or carcinomas. Combining adenomas and carcinomas reflects the guidance of the National Toxicology Program (47) and the progression of hepatocellular adenomas to carcinomas in female Sprague-Dawley rats (8) . To reflect lot-tolot variability among similar mixtures, the EPA also modeled earlier results in female Sprague-Dawley rats fed from a different lot ofAroclor 1260 (Table 5) .
In the experimental range, the EPA described the cancer potency of each mixture by an estimated dose associated with 10% increased incidence (ED1O) and its 95% lower confidence bound (LED1O), expressed as equivalent human doses (Table 6 ). ED1os have been used both for potency ranking and as a starting point for low-dose extrapolation (48, 49) . The EPA recently proposed using an LED1O for these purposes, while inviting public comment on the alternative of using 1% for tumor responses (3) .
To gauge the potential risk at environmental exposure levels, the EPA extrapolates to doses below the experimental range. Extrapolation considers both linear and nonlinear approaches, with a linear default if there is not sufficient information to support a sublinear model (3) . This policy rests, in part, on some general considerations. Low-dose linear models are appropriate when a carcinogen acts in concert with other exposures and processes leading to a background incidence of cancer (50, 51) . (Table 7) reflect experimental uncertainty and lot-to-lot variability of (53, 54) .
Chemical transformation can occur through biodegradation of PCB mixtures in the environment. Anaerobic bacteria in sediments can selectively remove chlorines from meta and para positions, appearing to reduce the toxicity and bioaccumulation potential of residues; the occurrence and extent of these dechlorinations can be limited by sediment PCB concentrations (55-57). Dechlorination is not synonymous with detoxication, as congeners having carcinogenic activity can be formed through dechlorination. Aerobic bacteria can remove chlorines from PCBs with low chlorine content and break open the carbon rings through oxidation (55). PCBs with higher chlorine content are extremely resistant to oxidation and hydrolysis (52) . Photolysis can slowly break down congeners with high chlorine content (52) . Overall, however, dechlorination processes are slow, and altered PCB mixtures persist in the environment for many years.
Preferential bioaccumulation occurs in living organisms. PCBs are highly soluble in lipids and are absorbed by fish and other animals. Rates of metabolism and elimination are slow and vary by congener (58) . Each species in the food chain retains persistent congeners that prove resistant to metabolism and elimination (59l). Bioaccumulation through the food chain tends to concentrate congeners of higher chlorine content, producing residues that are considerably different from the original Aroclors (59) (60) (61) . PCB residues in fish and turtles, changed through environmental or metabolic alteration, cannot be characterized by Arodor 1242, 1248, 1254, or 1260 standards (60) . Congener distributions in several species, including humans, do not resemble any Aroclor (33) .
In humans, too, bioaccumulated PCBs also appear to be more persistent in the body (62) . This is significant because in animals bioaccumulated PCBs appear to be more toxic than Aroclors (63) . A study comparing mink fed a given quantity of Aroclor 1254 with mink fed Great Lakes fish contaminated with one-third that quantity of bioaccumulated PCBs (plus other chemicals) found similar liver and reproductive toxicity (64) .
Assessing Risks from Environmental PCBs
Consensus has emerged on the fallacy of assessing environmental PCBs as if they were Aroclors. Safe (34) wrote, "Regulatory agencies and environmental scientists have recognized that the composition of PCBs in most environmental extracts does not resemble the composition of the commercial products." When assessing risks from environmental PCBs, the EPA now considers how environmental processes alter mixture composition (2) .
Through partitioning, different portions of a PCB mixture are encountered through each exposure pathway. The mixture fraction that adsorbs to sediment or soil tends to be higher in chlorine content and persistence than the original mixture; it also tends to be less inclined to metabolism and elimination and, thus, higher in persistence and toxicity. (Persistence is not synonymous with toxicity; however, in the absence of testing of most congeners, it is reasonable to assume some correlation between persistence and toxicity.) Consequently, ingesting contaminated sediment or soil or inhaling contaminated dust can pose relatively high risks. On the Volume 106, Number 6, June 1998 * Environmental Health Perspectives other hand, the mixture fraction that dissolves in water or evaporates into air tends to be lower in chlorine content and persistence, so risks from ingesting water-soluble congeners or inhaling evaporated congeners would tend to be lower, in the absence of contaminated sediment or dust. Preferential bioaccumulation can have even more pronounced effects, as each species in the food chain retains persistent congeners that prove resistant to metabolism and elimination. Bioaccumulated PCBs appear to be more toxic than Aroclors and more persistent in the body. The Aroclors tested in laboratory animals were not subject to prior selective retention of persistent congeners through the food chain. For exposure through the food chain, therefore, risks can be higher than those estimated in this assessment.
To reflect these environmental processes, the EPA now provides a tiered approach that considers how partitioning and bioaccumulation affect each exposure pathway or situation. (Table  1) . Thus, the lowest slope, derived from the Aroclor 1016 study, is appropriate only for mixtures free of congeners with more than four chlorines.
The key assumption supporting lowertier risks for water-soluble or evaporated congeners is that partitioning has reached equilibrium. Congener or homologue analysis of environmental samples can verify whether equilibrium has been achieved. For example, if water samples contain congeners of high chlorine content, this could indicate a continuing release into the environment, a recent release without sufficient time to partition as expected, a past release with high chlorine content, or the presence of stirred-up sediment with adsorbed congeners of high chlorine content. Judgment should be used to choose a higher slope in these situations.
Because the potency range for Aroclors (Tables 6 and 7) can underestimate the range for environmental mixtures, congener analysis can be an important tool in risk assessment, providing information on the presence in environmental samples of specific congeners that contribute to cancer induction. When concentrations of dioxinlike congeners are available, risk estimates can be refined using toxic equivalency factors developed for dioxinlike PCB congeners (65) ; the EPA provides an example of this (2) . Congener analysis can also reveal composition changes for persistent or tumor-promoting congeners that are not dioxinlike. Among these, PCB-153 (2,2',4,4',5,5'-hexachlorobiphenyl) is of particular interest, as it shows tumor promoting activity, is highly persistent, and comprises 12 and 21% of PCBs in human milk and fat, respectively (33) .
Early-life exposure is treated with special concern because of the potential for higher exposure during pregnancy and nursing (66, 67) and the possibility of greater perinatal sensitivity. Metabolic pathways are not fully developed in human infants; for example, some nursing infants receive a steroid in human milk that inhibits the activity of glucuronyl transferase, reducing PCB metabolism and elimination (68) . In animals, Aroclor 1260 induced high incidences of liver tumors when exposure began early in life and lasted a short time (18) . Perinatal exposure to polybrominated biphenyls enhanced susceptibility to liver tumors in female rats also exposed as adults and in male and female mice not further exposed (69). It 
Some Implications and Research Needs
The EPA's new approach highlights how environmental processes-partitioning, chemical transformation, and preferential bioaccumulation-alter the cancer potential of environmental mixtures. Bioaccumulated mixtures are of greatest concern because they appear to be more toxic than commercial mixtures and more persistent in the body. Two highly exposed populations are exposed to bioaccumulated mixtures. One is nursing infants, for whom average intake of total PCBs was estimated at 1.5-27 pg/kg/day (35), 3-11 pg/kg/day (46), or 2.1 pg/kg/day (71), compared to 0.2 pg/kg/day estimated for adults (46, 71) . Dietary intake varies widely, often depending on proximity to where PCBs were released into the environment (35, 46) . This gives rise to another highly exposed population: people who derive much of their diet from local sources that happen to be contaminated, for example, subsistence anglers and their families who frequently eat fish from a contaminated source.
One prominent research need is a cancer study comparing commercial and bioaccumulated mixtures. The EPA's assessment warns that risks from exposure through contaminated food can be underestimated, but the extent is not quantified. Also needed is a method for using lifetime studies to assess risks from less-than-lifetime exposure to persistent agents. The EPA's assessment warns that assuming risk and exposure duration are proportional can underestimate risks from persistent mixtures, but the extent is not quantified. For 
